diates than AMX, reaching 45% after 240 min. However, using FeOx, the inhibition of mobility varied between 100 and 70% during treatment, probably due to the presence of oxalate, which is toxic to the neonates. After 240 min, between 73 and 81% TOC removal was observed. Different pathways of AMX degradation were suggested including the opening of the four-membered b-lactamic ring and further oxidations of the methyl group to aldehyde and/or hydroxylation of the benzoic ring, generating other intermediates after bound cleavage between different atoms and further oxidation to carboxylates such acetate, oxalate and propionate, besides the generation of nitrate and ammonium. ª 2010 Elsevier Ltd. All rights reserved.
Introduction
The presence of pharmaceuticals in the environment has been reported as an emerging risk to the biotic environment. Among the pharmaceuticals, special attention is focused on antibiotics, since bacterial resistance and toxic effects on several organisms such as algae and crustaceous have been found not only at high concentrations, but also at low concentrations resulting in chronic effects (Andreozzi et al., 2004; Foti et al., 2009 ). The antibiotic AMX, a broad spectrum aminopenicillin antibiotic, widely used in human and veterinary medicine, was tested for toxicity on microalgal species (growth inhibition) and found to be nontoxic to Pseudokirkneriella subcapitata e Closterium ehrenbergii (EC 50 100 mg L
À1
), but showed marked toxicity to the Synechococcus leopolensis (EC 50 2 mg L À1) (Andreozzi et al., 2004) . This compound has been identified in municipal sewage treatment plant effluent at concentration of 13 ng L À1 in Italy (Castiglioni et al., 2006) . So, it is necessary to evaluate new alternatives to prevent water contamination, considering the risks that residual pharmaceuticals can present to human health and to the environment. The use of solar advanced oxidation processes (AOPs), such as photo-Fenton for the treatment of non-biodegradable and/ or toxic compounds can be an alternative to the conventional processes. Previous works has shown the efficiency of this process on the degradation of different therapeutic classes of pharmaceuticals such as antibiotics, anti-inflammatory and analgesic drugs (Pé rez-Estrada et al., 2005 Shemer et al., 2006; Bautitz and Nogueira, 2007; Trovó et al., 2008 Trovó et al., , 2009 .
Some authors have reported fast and effective degradation of AMX under different conditions, such O 3 , O 3 /H 2 O 2 , H 2 O 2 / UV, TiO 2 , Fenton and photo-Fenton (Arslan- Alaton and Dogruel, 2004; Arslan-Alaton and Caglayan, 2005; Andreozzi et al., 2005; Elmolla and Chaudhuri, 2009; Mavronikola et al., 2009; Martins et al., 2009 /H 2 O 2 /UV, to penicillin formulation effluent, concluding that best results regarding complete removal of active substance AMX were obtained using the photo-Fenton process and alkaline ozonation. Although the literature reports the efficiency of AMX degradation by different treatments, no studies have been published on its treatment by solar photo-Fenton, including intermediates generated and evolution of toxicity.
The aim of the present work was to study the use of the photo-Fenton process for the degradation of AMX using a solar simulator. The study includes the influence of the iron species used, the identification of the intermediate products generated during the process by the use of liquid chromatography coupled to time-of-flight mass spectrometry (LC-TOF-MS) and the toxicity assessment.
Experimental

Chemicals
All the AMX solutions were prepared in distilled water. AMX was purchased from SigmaeAldrich and used as received. Hydrogen peroxide (30% w/v) (POCH, SA), FeSO 4 .7H 2 O and sulphuric acid (POCH, SA), NaOH and bovine liver catalase (SigmaeAldrich) were also used as received. Potassium ferrioxalate (K 3 Fe (C 2 O 4 ) 3 $3H 2 O), named as FeOx, was prepared and purified as described previously (Hatchard and Parker, 1956 ) using iron nitrate and potassium oxalate (Mallinckrodt). Ammonium metavanadate (SigmaeAldrich) solution was prepared at a concentration of 0.060 M in 0.36 M H 2 SO 4 . All reagents were of analytical grade. HPLC-grade acetonitrile and methanol (Merck) and formic acid (Fluka) were used for HPLC analyses.
Hydrolysis, photolysis and photo-Fenton experiments
The solutions for hydrolysis and photolysis experiments were prepared by dissolving AMX in distilled water at an initial concentration of 10 mg L À1 (TOC 5.3 mg C L
À1
, natural pH 6.2). Hydrolysis experiments were performed in 250 mL beakers at two different pH (2.5 and 6.2). The beakers were kept in the dark at room temperature for 330 min. The photolysis and photoFenton experiments were conducted in a solar simulator (Suntest CPSþ from Heraeus, Germany) equipped with a 1100 W xenon arc lamp and special filters restricting transmission of light below 290 nm. The lamp was set to minimum intensity (250 W m À2 ), since under high intensity the intermediates generated could be quickly degraded making difficult their detection. Pyrex glass vessels (Schott Durand, Germany) provided with an internal recirculating water system were used to maintain the internal temperature at 25 AE 2 C.
The initial AMX concentration for the photo-Fenton experiments was 50 mg
). Although this concentration is higher than that found in aqueous w a t e r r e s e a r c h 4 5 ( 2 0 1 1 ) 1 3 9 4 e1 4 0 2 environment, it was chosen to permit an adequate detection of intermediates. The initial concentration of FeSO 4 .7H 2 O or FeOx was 0.05 mM, which is below the maximum concentration of iron allowed in wastewater according to Brazilian legislation. Based on previous work 
Chemical analysis
Before LC-MS analysis, the solution pH was adjusted to between 6 and 8, and 0.5 mL catalase solution (0.1 g L
À1
) was added to 25 mL of sample to quench the reaction and guarantee the absence of hydrogen peroxide before the bioassays. The samples were then filtered through 0.45 mm membranes. The AMX concentrations and intermediates were analysed by liquid chromatography electrospray time-of-flight mass spectrometry (LC-ESI-TOF-MS), in positive ionisation mode, using an HPLC (Agilent Series 1100) equipped with a 3 Â 250 mm reverse-phase C 18 analytical column, 5 mm particle size (Zorbax SB-C 18 , Agilent Technologies). A and B mobile phases were acetonitrile and water with 0.1% formic acid, respectively, at a flow rate of 0.4 mL min
. The injection volume was 20 mL. A linear gradient progressed from 10% A (initial conditions) to 100% A in 50 min, and was maintained at 100% A for 3 min. A 15 min post-run time back to the initial mobile-phase composition was allowed after each analysis. Under these conditions, AMX retention time was between 7.9 and 8.2 min, with a detection limit of 5 mg L
. This HPLC system was connected to an Agilent MSD time-of-flight mass spectrometer with an electrospray interface operating under the following conditions: capillary, 4000 V; nebulizer, 40 psi; drying gas, 7.0 L min À1 ; gas temperature, 300 C; skimmer voltage, 60 V; octapole dc1, 36.5 V; octapole rf, 250 V; fragmentor, 190 V. The mineralization of AMX during the experiments was evaluated by measuring the decay of the total organic carbon (TOC) using a TOC analyser (Shimadzu TOC 5050A) equipped with w a t e r r e s e a r c h 4 5 ( 2 0 1 1 ) 1 3 9 4 e1 4 0 2 w a t e r r e s e a r c h 4 5 ( 2 0 1 1 ) 1 3 9 4 e1 4 0 2 ammonium metavanadate (Unicam-II spectrophotometer) as described by Nogueira et al. (2005a) .
Toxicity evaluation
The same sample treatment described for the analysis by liquid chromatography was made prior to the toxicity evaluation. The toxicity tests were made with commercial bioassays, Biofix Ò Lumi-10, based on inhibition of the luminescence emitted by the marine bacteria Vibrio fischeri, and Daphnia magna immobilization (Daphtoxkit Fä magna, Creasel, Belgium) as described previously by Trovó et al. (2009) .
3.
Results and discussion
Hydrolysis and photolysis
Several blank experiments were performed at the initial AMX concentration of 10 mg L
À1
, to assure that the results found during the photocatalytic tests were consistent and not due to hydrolysis and/or photolysis. No decay in AMX concentration during irradiation at natural pH (6.2) after 6 h irradiation was observed. However, 64% of AMX was hydrolyzed after 1.5 h reaching 74% after 5.5 h at pH 2.5 in the dark, while no hydrolysis at pH 6.2 was observed. However, no mineralization occurred after the same time, which indicates the generation of intermediates formed during hydrolysis at acid medium. Four intermediates were detected using LC/TOF-MS analysis (Fig. 1) , not so interesting for the behavior of AMX in the environment but important for interpretation of photoFenton results.
The m/z of two intermediates detected was 340 and of other two 384. The hydrolysis of AMX starts with the opening of the four-membered b-lactam ring and yields the product AMX penicilloic acid with m/z 384 (C1 and C2), which contains a free carboxylic acid group. Then decarboxylation of the free carboxylic acid occurs, generating two intermediates with m/z w a t e r r e s e a r c h 4 5 ( 2 0 1 1 ) 1 3 9 4 e1 4 0 2 340 (C3 and C4) (Fig. 2) . These results are in accordance with the work of Nagele and Moritz (2005). However, the products formed are stereoisomer compounds, what is demonstrated by the same fragmentation pattern of the ions for the two different retention times (Table 1) . The literature reports a chromatographic method for the detection and determination of these stereoisomers (Valvo et al., 1998) . The formation of these stereoisomers occurs with opening of the four-membered b-lactam ring, since the carbon between nitrogen and sulphur in the thiazolidine ring is chiral. In this way, during hydrolysis the formation of the respective stereoisomer occurs generating the products of m/z 340 [C3: amoxilloic acid (5S) and C4: amoxilloic acid (5R)] and the products of m/z 384 [C1: amoxicilloic acid (5S,6R) and C2: amoxicilloic acid (5R,6R)].
Photo-Fenton experiments
The efficiency of degradation to different classes of organic compounds can be influenced by the iron species (Nogueira et al., 2005b) . Therefore, the influence of different iron species (FeOx and FeSO 4 ) on AMX degradation by photo-Fenton process was evaluated. A 50 mg L À1 AMX solution in the presence of 0.05 mM of iron and 120 mg L À1 H 2 O 2 was irradiated. New additions of H 2 O 2 were made when necessary. The AMX oxidation and mineralization was favoured when FeOx was used as iron species. Total removal of AMX was observed after 5 min irradiation, while 15 min were necessary using FeSO 4 (data not shown). A similar behaviour was observed for the removal of TOC. However total mineralization was not observed. Under these conditions, a removal of 73 and 81% of TOC was achieved after 240 min in the presence of FeSO 4 and FeOx, respectively (Fig. 3A) . The difference was more relevant at earlier stages, with a removal of 50% of TOC after 75 and 25 min in the presence of FeSO 4 and FeOx, respectively. Better results of AMX degradation were also observed when FeOx was used in comparison to Fe(NO 3 ) 3 (Trovó et al., 2008) .
The nitrogen in the AMX molecule was released mainly as ammonium, expressed as total nitrogen in Fig. 3A . The total nitrogen concentration released after 240 min corresponded to 100% of the theoretic amount, and this shows that the residual TOC after 240 min did not contain nitrogen (Fig. 3A) . No difference on ammonium release rate was observed when different iron species were used. The main carboxylates indentified during irradiation were: acetate, oxalate and propionate.
AMX (50 mg L
À1
) caused 30% inhibition of Vibrio fischeri bioluminescence in bioassay after 30 min exposure. During the photo-Fenton degradation using the different iron species, no significant change in the toxicity was observed (Fig. 3B) . However, using Daphnia magna bioassays, 65% inhibition of the neonates mobility (after 48 h of exposure) was observed in the initial AMX solution. After 90 min, the inhibition of mobility of the neonates decreased to 5% using FeSO 4 . However, it increased again to a maximum of 100% after 150 min achieving 45% at the end of the experiment (240 min) (Fig. 3B) . However, using FeOx, the inhibition of mobility varied between 95 and 70% during the treatment, probably due to the presence of oxalate, which is toxic to the neonates. A control experiment in the presence of only FeOx showed 100% of mobility inhibition. The increase of toxicity after 120 min was observed with both FeSO 4 and FeOx (Fig. 3B) , what coincides with the plateau observed for TOC removal, suggesting that the toxicity is due to carboxylic acids generated during degradation process (Pintar et al., 2004) .
3.3.
Identification of intermediates and AMX degradation pathway in water by photo-Fenton process in a solar simulator
The identification of the main degradation products generated during the photo-Fenton treatment was carried out in order to propose a degradation pathway and assess the intermediates that possibly contribute to the toxicity. Analysis by LC-TOF-MS allowed the detection and identification of sixteen intermediates during AMX degradation by photo-Fenton process ( Table 2) FeOx Fig. 6 e Evolution of the intermediates of AMX degradation in water by photo-Fenton process using different iron species.
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